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Facile Synthesis of Chitosan-Based Hydrogels and 
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Crosslinking
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ABSTRACT: Polysaccharide-based microgels are effective vectors for biopharmaceutics delivery 
and functional components in tissue engineering due to their bioactivity and biocompatibility. 
Currently, the synthesis of chemically crosslinked microgels typically requires long reaction times, 
high energy input and are low yielding due to low volumes of water phase used. Herein, we report 
the synthesis of norbornene-derivatized chitosan (CS-nbn-COOH), which can undergo rapid 
gelation in the presence of a thiolated crosslinker through the highly efficient thiol-ene photoclick 
reaction. This water-soluble photocrosslinkable derivative, synthesized on scale via a single step 
Page 1 of 33
ACS Paragon Plus Environment






























































from native chitosan and commercially available carbic anhydride, represents the first example of 
a norbornene-functionalised CS to the best of our knowledge. Microgels with controlled cross-
linking densities and diameters varying between 100 and 400 nm were obtained via a low energy 
water-in-oil nano-emulsion templating method at room temperature, with photo-crosslinking 
initiated in a flow reactor powered with a domestic UV-A lamp, a method that is suitable for scale-
up synthesis of the microgels. We also demonstrate that the resulting microgels were non-toxic to 
human dermofibroblasts (HDF) cell lines and that residual norbornene groups could be reacted in 
a late stage through tetrazine ligation, highlighting the potential of these microgels as scaffolds for 
functional nanomaterials with biomedical applications.
1. Introduction
Microgels consist of crosslinked polymer chains of dimensions ranging from 100 nm to hundreds 
of µm which can swell in a good solvent while retaining their initial three-dimensional structure.1 
These nanomaterials have been extensively exploited for the encapsulation and controlled release 
of drugs or biological molecules.2-4 In particular, polysaccharide-based materials are highly 
attractive in nanomedicine as they are non-toxic, abundant, and often bio-active due to their 
structural similarities with the extracellular matrix,4 and have therefore found applications in tissue 
engineering, drug delivery and biosensing.2-6
Chitosan (CS) is a polysaccharide derived from the partial deacetylation of chitin, comprised of 
α-(1→4)-linked N-acetyl-D-glucosamine (GlcNAc) and -(1→4)-linked D-glucosamine (GlcN) 
repeating units.6 A key feature of CS is the presence of a free amine functional group that can be 
protonated, making it the only natural cationic polysaccharide6 which confers it with unique 
physicochemical properties6, 7 and antibacterial activity,8 and have therefore been extensively 
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studied in the area of  waste water treatment,9 food packaging,10 cosmetics,11 wound dressing,12 
tissue engineering,6 and drug delivery.7, 13 CS-based microgels are classically obtained from 
ionotropic crosslinking under basic pH14 or with sodium triphosphate, but their stability under 
physiological conditions can be challenging owing to the reversible nature of these interactions.15, 
16 Covalent microgels have therefore been developed by chemical crosslinking of the backbone 
amines with glutaraldehyde13 or genipin.17 Reactions using these crosslinkers, however, present 
limited chemical selectivity which tend to produce side-products that often remain encapsulated 
within the microgels and potentially lead to cytotoxicity once used in vivo.13 Moreover, the exact 
crosslinking mechanism remains unclear, with both crosslinkers known to potentially polymerize, 
giving little control over the final structure of the micro-/nanogel.18, 19
To allow more selectivity and hence better control over the crosslinking density and microgel 
structure, CS can be functionalised with a reactive group that could be activated with the 
appropriate chemical partner for hydrogel formation. In particular, click chemistry, a term often 
coined for high yielding, biorthogonal reactions that proceed even at low concentrations of reactive 
groups, has now become common in material chemistry, especially for biomedical applications.20 
In this context, the reaction between thiols and alkenes through the Michael addition or radical 
photoinitiated thiol-ene coupling are widely used. CS precursors activated in this manner are 
typically obtained by acrylation, which are susceptible to polymerisation under thiol-ene 
conditions.21, 22 To prevent dimerization, while allowing for spatio-temporal control through 
photoinitiation, norbornene (nbn) has been used in the radical thiol-ene conjugation.21-23 The very 
fast kinetics of this addition and its feasibility with long-wavelength UV-A coupled to the use of 
photoinitiator Irgacure 2959 (PI) has made this thiol-ene reaction ideal in tissue engineering 
application.21 In addition, norbornene is stable in vivo24 and can undergo orthogonal click reactions 
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with tetrazines, which allows for sequential functionalisation of materials.25 While thiol-ene 
photoclick-generated hydrogels from norbornene-functionalised biopolymers such as gelatin,26 
alginate,27 carboxymethyl cellulose28 or hyaluronic acid29 have been synthesized, CS-derived 
hydrogels or microgels using norbornene-mediated thiol-ene photoclicking have not been reported 
previously. We note that photocrosslinked hydrogels using maleimide-30, azido- or (meth)acrylate-
functionalised CS have been reported;22 however, this has not been extended to photocrosslinked 
microgels. 
Nano-emulsion-templated methods are commonly used for precise control over the microgel 
size. Typically, an aqueous polymer solution (the dispersed phase) is added dropwise into a non-
miscible oil phase (the continuous phase) containing surfactants to generate nano-sized water 
droplets. The crosslinking is then performed in these nanoreactors to give monodisperse nano-
/microgels. There are a few examples of click nano-/microgels obtained by nano-emulsions, 
especially concerning polysaccharide materials. Jia et al. reported hyaluronic acid (HA)-based 
microgels obtained by reacting a hydrazide- and aldehyde-functionalised polymers in a reverse 
nano-emulsion template,31 while Anderson et al. chose dextran complimentarily derivatised with 
alkynes or azides beforehand.32 Dilute concentrations of the nano-emulsion droplets and 
requirement for shearing or sonication limit the suitability of this method for scale-up or fragile 
biomolecules.33 Recently, Gupta et al. reported a concentrated nano-emulsion system in decane 
with the droplets stabilised by FDA-approved surfactants Span® 80 (S80) and Tween® 80 (T80), 
using a low-energy homogenisation which was successfully applied to the synthesis of calcium-
based alginate microgels.33
We report herein the synthesis and characterisation of CS-based microgels obtained through 
photo-mediated thiol-ene crosslinking (Figure 1) using a nano-emulsion templated protocol. 
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Norbornene moieties were incorporated to CS through amide bond formation using commercially 
available carbic anhydride (CA). The carboxylate groups introduced in this manner further 
enhanced solubility of CS in aqueous media. Gelation was demonstrated by crosslinking of the 
resulting derivative CS-nbn-COOH with a short bifunctional thiolated-diethylene glycol 
crosslinker (HS-DEG-SH). A concentrated water-in-oil nano-emulsion was developed and 
optimised in terms of the oil type and surfactant composition, which was successfully applied to 
the synthesis of CS microgels using a custom-designed photoreactor. The accessibility of pendant 
reactive groups subsequent to gelation for functionalisation was demonstrated by fluorescence 
through tetrazine conjugation using a self-quenching probe, further demonstrating the potential of 
these microgels as building units for functional materials. Finally, the microgels did not present 
any significant toxicity against human dermofibroblast (HDF) cell lines, which suggests their 
possible biomedical applications.
Figure 1. Schematic representation of the functionalised microgel synthesis. (a) Chitosan (CS) 
was first reacted with carbic anhydride (CA) to give CS-nbn-COOH. (b) Microgels could be 
successfully obtained by crosslinking CS-nbn-COOH with a thiolated crosslinker, HS-DEG-SH, 
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using a nano-emulsion-templated method in the presence of UV-A and Irgacure 2959 (PI) as a 
photoinitiator. (c) The reactivity of remaining norbornene groups present on the microgels was 
proven by fluorescence using a self-quenching tetrazine, Tet-Coum.
2. Materials and Methods 
The chemical structures of the reagents used are listed in Figure S1 in the ESI. Chitosan (CS, 
low molecular weight 50-190 kDa, deacetylation degree = 76 % calculated by 1H NMR – see 
Figure S2 in the supporting information section SI-II) was purchased from Sigma. Carbic 
anhydride (CA, mixture of endo and exo predominantly endo) was purchased from Acros. 7-
(diethylamino)-N-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)-2-oxo-2H-chromene-3-carboxamide 
(Tet-Coum) was synthesized according to previously described procedures as detailed in the ESI 
in section SI-X. Other reagents were purchased from Sigma, Acros, Fluka or Lancaster and used 
as received. All cell culture media and additives were purchased from Invitrogen, Life 
Technologies (Thermo-Fisher). Dialysis against dionised (DI) water (MilliQ; resistivity 18.2 M 
cm and total organic content (TOC) < 4 ppb) were performed using a SnakeSkin dialysing tubing 
with a molecular weight cut-off (MWCO) of 10 kDa (Thermo Scientific). 
1H NMR were recorded with a Varian VNMR S600 Cryo at 40 °C to sharpen the water peak and 
to allow for more accurate integration of the norbornene peaks. CS polymer samples were prepared 
in 1 % DCl/D2O whereas the microgels were resuspended in D2O only. UV-mediated photoclick 
reactions were performed with a 36 W UV-A lamp (320-400 nm) of domestic use (PL-L, 
approximative length 30 cm, Philips).
2.1. Synthesis of CS-nbn-COOH
CS (1 g, 5.9 mmol) was dissolved in 100 mL of 2% acetic acid (AcOH) in DI water. Once 
solubilised, carbic anhydride (CA, 972 mg, 5.9 mmol) was added, and the mixture was stirred at 
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50 °C for 2 days. The resulting polymer conjugates were dialysed against 5% NaCl for 24 hrs 
followed by dialysis in DI water for 2 further days, and then lyophilised. Effective removal of 
unreacted CA was verified by DOSY NMR (Figure S3), and the degree of substitution (DS) was 
calculated by 1H NMR as detailed in Figure S4. 
2.2. Optimisation of the synthesis of CS-nbn-COOH by experimental design
Experimental DS design of CS was performed using MODDE 9.1 software. Three parameters 
were studied: temperature (varied between 25 and 50 °C), reaction time (6 to 48 hrs), and 
equivalents of carbic anhydride (0.5 to 1.5). DS was chosen as the only variable to measure the 
result; the desired value was set to 50%. 11 experiments were suggested by the software (Table 
S1), which were conducted with 50 mg of CS in 5 mL of a 2% AcOH solution. The reaction was 
carried out as described in Section 2.1 and the experimental analysis was performed with MODDE 
9.1 using a standard screening design. 
2.3. Hydrogel synthesis
To assess the gelation feasibility and optimise gelation conditions for microgels, hydrogels of 
CS-nbn-COOH were first prepared. CS-nbn-COOH was dissolved in a 0.1% solution of 
photoinitiator Irgacure 2959 (PI) in 2% AcOH to the desired concentration, varied between 0.5 
and 2 w:v%. Once soluble, the thiolated crosslinker 2,2′-(Ethylenedioxy)diethanethiol (HS-DEG-
SH) was added to give a thiol:norbornene [SH]:[nbn] molar ratio Rs varying between 25 (Rs = 1:4) 
and 100% (Rs = 1:1) of reacted norbornene groups. The mixture was transferred in a sealed glass 
vial (dimensions: l = 36mm, douter = 11 mm), vortexed and cured by direct exposure on top of a 
UV-A lamp (distance lamp – sample ~ 0 mm). The UV time exposure was varied between 20 sec 
to 30 mix. Hydrogel formation was assessed by the vial-inverted method as described below. At 
the desired time-scale, the sample curing was stopped, and the sample was inverted. If the material 
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flowed the curing was prolonged for a desired period of time. The sample was finally inverted 
overnight and was called “gel” if a set material was obtained after 16hrs or “viscous liquid” if not.
2.4. Rheology 
Rheological measurements on the obtained hydrogels were performed with a Kinexus rheometer 
using a parallel plate geometry P20 (d = 20 mm) and a Peltier system for temperature control. The 
gel samples were synthesized in a 3D-printed PLA mould (diameter 21.5 mm, height 5.9 mm 
volume ~ 2.1 mL) partially filled with 800 µL of a pre-mixed solution of polymer (10 mg/mL), PI 
(1 mg/mL) and the HS-DEG-SH crosslinker to vary Rs between 1:4 and 1:1, all solubilized in 2% 
AcOH. Samples were cured without preliminary degasing with a UV-A lamp (distance lamp – 
sample = 5 mm) for 30 min to ensure complete crosslinking. Hydrogels were carefully loaded on 
the rheometer and equilibrated with a normal force of 0.1 N (typical gap 1.7-2 mm). Dynamic 
strain sweeps were performed at 1 Hz by varying the strain   from 0.1 to 100 % at 25 °C. All 
measurements were performed in triplicates. A temperature cartridge was used to prevent solvent 
evaporation during measurement.
2.5. Nano-emulsion preparation and characterisation
The nano-emulsions were prepared according to the procedure described by Gupta et al.33 They 
were composed of 80 wt% of oil, 10 wt% of surfactants (Span® 80 (S80) and Tween® 80 (T80) in 
weight ratios varying between 20 and 100% of S80) and 10 wt% of the water phase, consisting of 
either DI water or 1 w:v% CS or CS-nbn-COOH in 2% AcOH. Three oils were screened: decane 
which allowed a comparison with published results,33 cyclohexane which had a similar viscosity 
to decane but a lower boiling point thus making its removal easier, and mineral oil which is 
biocompatible and FDA-approved. S80 and T80 were chosen as they are widely used in biomedical 
applications; they are also neutral, which was expected to minimise the electrostatic interactions 
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with the charged CS. The water phase was added dropwise to a stirred solution of surfactants in 
the desired oil phase at 700 rpm. The nano-emulsion was stirred for at least 10 min. DLS 
measurements were performed using a Malvern Nano Zetasizer zs with a 633 nm laser, 
immediately after dilution of 100 µL of the nano-emulsion into 900 µL of oil to avoid multi-
scattering from concentrated and turbid nano-emulsions in a glass cuvette. Autocorrelation 
functions were measured at a scattering angle of 173° at 25 °C and processed using the Malvern 
software package.
2.6. Microgel synthesis
Microgels were obtained using the nano-emulsion templating method described above, where 
the water phase consisted in 1% w:v CS-nbn-COOH solution in 0.1 % w:v PI in 2 % AcOH to 
which was added the crosslinker HS-DEG-SH to give Rs varying between 1:4 and 1:1. The nano-
emulsion was crosslinked in flow using the device developed by Booker-Milburn et al.34 (For full 
details on the set-up see section SI-VII in ESI). Briefly, the nano-emulsion was pumped through a 
UV-permeable tubing wrapped around a domestic UV-A lamp. The flow rate r could be tuned to 
vary the crosslinking time between 4 and 15 min. The crosslinked microgels were collected at the 
end of the device (Figure 2) and recovered by centrifugation at 7000 rpm for 3 hrs at 6 °C. The 
organic layer was decanted and the microgels were subsequently washed with ethanol and DI water 
sequentially, and then lyophilised. The microgels were resuspended in DI water (c ~ 0.5 to 1 
mg/mL) and their hydrodynamic diameter dh and Zeta potential ξ were both measured with a 
Zetasizer as described in section 2.5.
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Figure 2. Synthesis of crosslinked microgels in flow using UV. A simple HPLC pump is used to 
pump the nano-emulsion through the EPF tubing, which is wrapped around a domestic UV-A 
lamp. The exposure time is readily tuned between 1-30 min by varying the flow rate. The nano-
emulsion used for these tests was made of 80 wt% cyclohexane, 4 wt% S80, 6 wt% T 80 and 10% 
wt of water phase (1% CS in 2% AcOH).
2.7. TEM imaging
The samples were prepared by negative stain using uranyl acetate (3 %) on glow discharged 
grids. 5µL of microgel suspensions (0.5-1 mg/mL) was incubated on the grid for 1 min and the 
excess was wicked away; the procedure was then repeated with 5 µL of stain. The samples were 
observed in a Tecnai 12 BioTwin TEM at 120 kV with images captured using an FEI Eagle 4k × 
4k camera.
2.8. Microgel functionalisation
The microgels (Rs = 1:2) were resuspended in DI water at a final concentration of final 
concentration of 0.5 mg/mL in a quartz cuvette (1 cm pathlength) to which Tet-Coum was added 
to a final concentration of 1 μM. The ratio between unreacted norbornene and Tet-Coum was 1:1, 
Page 10 of 33
ACS Paragon Plus Environment






























































assuming 100% yield for the thiol-ene crosslinking in the microgel synthesis step. The reaction 
was monitored by fluorescence spectroscopy using a Perkin-Elmer LS45 fluorimeter with an 
excitation at 420 nm. The emission spectra were recorded in the wavelength range of 460 - 600 
nm.
2.9. Cytotoxicity assays
HDF cells were maintained in Dulbecco’s Minimal Essential Medium (DMEM) with 1g 
glucose/L, GlutaMAX™ and 10% fetal bovine serum (FBS) supplemented with antibiotic-
antimycotic (AntiAnti). Confluent cultures were detached from the surface using trypsin (Tryp LE 
Express) and plated at 5 103 cells/well in 96-well plates. The cells were incubated 24 h after ×
plating with microgels (Rs = 1:1) at concentrations varied between 1000 and 2 µg/mL (4 replicates 
per condition, i.e. toxicant concentration and time point, all performed in triplicates) for 1 or 2 
days. At the required incubation time, the medium was removed and wells were rinsed twice with 
phosphate buffer saline (PBS). Metabolic activity and cell viability were measured by feeding the 
cells with FBS-free medium containing 5% Alamar Blue (AB, metabolic activity) and 3 µM 
Calcein AM (cell viability) for 1 h. Fluorescence was recorded with a CLARIOstar plate reader 
(AB: excitation 515-555 nm, emission 510-530 nm; Calcein AM: excitation 414-483, emission 
510-530 nm). All results were background-corrected with a solution of media containing the two 
dyes and expressed as a percentage of control consisting of cells not exposed to microgels.
3. Results and Discussion
3.1. Synthesis and characterisation of norbornene-functionalised chitosan (CS-nbn-H and 
CS-nbn-COOH)
Amide bonds are commonly used to functionalise CS by exploiting the higher nucleophilicity of 
the amines compared to hydroxyl groups. CS amidation with norbornene-carboxylic acid (NB) 
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using 1, 1’-carbonyldiimidazole (CDI) resulted in the successful synthesis of CS-nbn-H (Scheme 
1 route a) as evidenced by 1H NMR (Figures S5 and S6). It is noteworthy that amide coupling 
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS)-
activated NB led to mixtures of product and unreacted EDC that could not be separated by dialysis 
or precipitation (see section SI-III for details on the purification procedures attempted).  
CS-nbn-H suffered from low solubility even under acidic conditions or in the presence of 
different solubilizing reagents and/or co-solvents (SI-III), which is probably due to the reduction 
of the positive charge as CS amines were converted to amides, in combination to the increased 
overall hydrophobicity induced by the addition of NB groups.
To circumvent this, carbic anhydride (CA) was used to react with the CS amine groups, which 
upon ring opening resulted in the concomitant amide formation and introduction of an acid 
functionality on the pendant norbornene that led to the polymer CS-nbn-COOH (Scheme 1, route 
b). Compared to CS-nbn-H, CS-nbn-COOH was soluble not only in mild acidic conditions, but 
also in DI water, which likely results from both the introduction of a carboxylic acid group and by 























Scheme 1. Strategies to obtain norbornene-functionalised CS. Reaction conditions: a) norbornene-
2-carboxylic acid (NB), CDI, 0.1 M MES buffer pH 5.0. b) carbic anhydride (CA), 2% AcOH. 
 As summarised in Table S1, an increase in the degree of substitution (DS) of the amines by 
norbornenes was observed as the reaction time, the temperature, or the equivalent of CA increased, 
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varying between 24 and 43%. Figure 3 shows that the reaction time and the amount of CA 
significantly contributed to the DS (A), whilst the temperature and the reaction time in conjunction 
had less impact on the final DS, as suggested by the dominant green color (B). Hence, the most 
efficient way to increase the DS is to increase the amount of CA and/or to increase the reaction 
time, rather than varying the temperature. This short screening showed that the reaction was 
reproducible and allowed for the generation of a reliable model (q2 = 0.365, r2 = 0.924). This DS 
is consistent with values reported for gelatin functionalisation with CA under similar conditions, 
where pH and norbornene steric hindrance were identified as the main limitation.26, 36 McOscar 
and Gramlich in particular showed that the reaction was highly pH-sensitive, with an optimum 
functionalisation occurring in the pH window 9.0-10.5, attributed to the balance between 
nucleophilicity of the carboxylate and the competitive hydrolysis of CA, both favoured at basic 
pHs.28 As the CS solubility required initial mild acidic conditions, pH could not be used as a 
variable, and the synthesis of CS-nbn-COOH was further conducted for 48 hrs with 1 equivalent 
of CA at 50 ºC to improve its solubility, which yielded a DS of 38%.
Figure 3. Contour plots showing the effect of the reaction time and the equivalents of CA 2 at 35 
°C (A) and of the temperature and reaction time for 1 eq. of CA used (B) on the DS of CS-nbn-
COOH. Degree of substitution (DS shown in mol%) obtained for a matching set of conditions, 
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where the impact of a set of parameters on the final DS is shown by a change from green (low) to 
red (high). 
3.2. Hydrogel synthesis
The optimum gelation conditions of CS-nbn-COOH were screened for the subsequent microgel 
synthesis. The bifunctional crosslinker, 2,2′-(ethylenedioxy)diethanethiol (HS-DEG-SH, Scheme 
2), was chosen due to its hydrophilicity and its flexibility compared to other small difunctional 
thiols such as dithiothreitol (DTT), frequently used in thiol-ene crosslinkings.26, 37, 38 Compared to 
longer thiolated PEGs, it is cost effective and readily available. The crosslinking was performed 
in the presence of Irgacure 2959 (PI, 0.1 w:v%) as the water-soluble photoinitiator. Different 
polymer and crosslinker concentrations were tested and gelation was assessed by the inverted vial 
method Figure 4). At 0.5% polymer concentration, the viscosity of the dispersion increased 
progressively as the [SH]:[nbn] molar ratio, Rs, increased from 1:4 to 1:1 (Figure S7A). However, 
no gelation occurred even when the UV exposure was prolonged to 1 hr. For polymer 
concentrations of 1 and 2%, gels were formed instantly when the CS-nbn-COOH solution was 
exposed to UV light even for Rs = 1:4 (Figure S7B and S7C). The completion of the reaction was 
confirmed by in situ 1H NMR, evident from the disappearance of the norbornene peaks at 6.2 ppm 
(Figure S8B and S8C).
Scheme 2. Reaction scheme of the thiol-ene cross-coupling reaction used for the hydrogel 
synthesis.
Page 14 of 33
ACS Paragon Plus Environment






























































Figure 4. Gel phase diagram of CS-nbn-COOH depending on the polymer concentration and the 
[SH]:[nbn] molar ratio Rs. The curing was performed with UV-A for a duration of 20 sec to 30 
min; at polymer concentrations > 1 % gelation occurred instantly. Example of a stained samples 
corresponding to the observed phases (liquid, viscous liquid and gel) are shown on the side, with 
further photos for all conditions presented in Figure S7.
Such fast gelation kinetics has been previously reported when norbornene was used as the alkene 
component in the thiol-ene click reaction. For instance, Lee et al. measured the gelation kinetics 
of a tetra-arm, norbornene-functionalised PEG with thiolated carboxymethylcellulose by 
photorheology. They found that gelation occurred within 5 sec, independently of the thiol 
content.39 McOscar and Gramlich also worked with carboxymethylcellulose and the same HS-
DEG-SH crosslinker, and  reported that crosslinking was mostly complete within 15 sec.28  In 
comparison, Hachet et al. have previously reported dextran-40 and HA-based hydrogels and 
nanogels resulting from the thiol-ene reaction between the pentenoic side chains of the 
polysaccharide and a thiolated PEG crosslinker.41 Gelation occurred in 2.5 min for the fastest 
systems, and up to 20 min for the longest. As their polysaccharide system and DS compare well 
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with ours, this difference in the reaction kinetics most likely arises from their terminal alkene 
choice, which is less reactive than norbornene. Overall, our results compare well with literature. 
3.3. Rheology measurements of hydrogels
The rheological properties of the obtained hydrogels using 1 % CS-nbn-COOH were analysed 
with amplitude sweep measurements at 1 Hz. For all the [SH]:[nbn] ratios studied (Rs = 1:4 to 
1:1), the storage modulus G’ was ~10 times higher than the loss modulus G’’ which corresponds 
to a solid behaviour at this frequency, characteristic of an elastic or gel-like material. Both G’ and 
G’’ were constant up to a critical strain c   10 % which defines the linear response of this 
hydrogel (Figure 5A). As Rs increased, G’ increased from around 30 to 200 Pa, confirming an 
increase in the crosslinking density. Similar results were obtained by Gramlich et al. from 
norbornene-functionalised hyaluronic acid crosslinked with DTT, where the compressive modulus 
increased linearly with Rs.37  On the other hand, McOscar and Gramlich reported near identical 
hydrogel mechanical properties for Rs = 1:1 and Rs = 1:2, which they attributed to a chain 
immobilisation effect preventing further crosslinking points to be made.28 The polymer 
concentration in our system was much lower (10 mg/mL compared to their 40 mg/mL) which 
would allow for greater chain mobilities, consistent with the modulus of our hydrogels which was 
~ 3 orders of magnitude smaller than that reported by McOscar and Gramlich. A greater range of 
elastic modulus could be realised by varying the polymer and crosslinker concentration,  currently 
under investigation.
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Figure 5. Rheological properties of the CS-nbn-COOH hydrogels. A) Variation of G’ and G’’ 
with the shear strain , at different [SH]:[nbn] molar ratios Rs; B) Variation of G’ and G’’ with Rs, 
averaged on the linear response plateau value. Measurements were repeated in triplicates.
3.4. Optimisation of microgel formation
We focused on a low energy methodology developed by Gupta et al.33 to generate concentrated 
nano-emulsions, using a system made of 80 wt% of oil 10 wt% of surfactants (S80 and T80) and 
10 wt% of water. The impact of the oil type and the surfactant composition on the nano-emulsion 
stability was first investigated with surfactant compositions varying between  = 1:0 to 3:7 weight 
ratios of S80/T80 (Figure 6). As T80 was added to the cyclohexane or decane nano-emulsions, 
the turbidity decreased, transforming from white cloudy suspensions ( = 1:0 to 6:4 for 
cyclohexane, Figure 6A, and 1:0 to 7:3 for decane, Figure 6B, respectively) progressively to pale 
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blue ( = 1:1 and 6:4, respectively for cyclohexane and decane), and to a transparent suspension 
( = 4:6 and 1:1, respectively for cyclohexane and decane, indicated by dashed rectangles on 
Figure 6), after which a pale blue colour was obtained. For the S80:T80 ratio higher than  = 3:7, 
phase separation occurred as soon as the stirring was stopped. These visual observations correlated 
with the hydrodynamic radius dh measured by DLS (Figure 6D), which decreased from dh ~ 150-
200 nm down to dh ~ 40 nm when the nano-emulsion was optically transparent, and then increased 
slightly as the turbidity increased again.
These observations agreed with previous work by Robin et al. performed in cyclohexane, where 
aggregates of ~150-200 nm were observed when only S80 was used, while the nano-emulsion 
turbidity decreased with the addition of T80; in addition, dh decreased from ~100 to ~40 nm. No 
stable nano-emulsion could be generated when only T80 was used. Although we did observe that 
the mixtures of S80 and T80 generated more stable nano-emulsiosn with smaller diameters, a linear 
relationship between the dispersion turbidity and their hydrodynamic diameter could not be 
established. Robin et al. also reported that S80/T80 mixtures in cyclohexane could lead to both 
spherical and sheet-like morphologies depending on the concentration range, which may account 
for these discrepancies.42 
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Figure 6. Visual observations of control nano-emulsions generated with: A) cyclohexane (brown), 
B) decane (pink), C) mineral oil (orange) for different surfactants ratios ν, and D) the 
corresponding hydrodynamic diameter dh measured by DLS. Optimum nano-emulsion formulation 
was obtained for cyclohexane and decane consisted respectively of  = 4:6 and  = 1:1 (white 
rectangles in A and B).
While both cyclohexane and decane allowed for the formation of transluscent nano-emulsions 
at low S80 weight ratio which remained stable over 2 months, emulsions formulated in mineral 
oils showed a different behavior. No optically clear emulsion could be obtained, and phase-
separation occurred between several min and up to 5 hrs as the stirring was stopped. While milky 
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emulsions were observed for  = 1:0 to 9:1, further increasing T80 decreased the nano-emulsion 
turbidity from white to pale blue up to  = 4:6, after which the turbidity increased again. At  > 
2:8, no stable emulsions could be generated (Figure 6C). This was accompanied by dh decreasing 
from ~ 150 to ~ 100 nm and increasing to ~ 300 nm for  > 6:4 (Figure 6D). 
The diameter of nano-emulsion droplets has been shown to be highly dependent on the viscosity 
of both the continuous and the dispersed phases as well as the homogenisation procedure. For 
instance, Grupta et al. developed a scaling parameter Wecrit, d to predict the nano-emulsion droplet 
size based on these three parameters and successfully applied it to several oil-in-water nano-
emulsions. They found that nano-emulsion droplet decreased with an increase in the continuous 
phase viscosity µc according to dh ~ µc-5/12 – and therefore smaller droplet would be expected with 
mineral oil.43 It is worth noting that the model was valid in a viscous turbulent regime, which also 
typically required high-energy homogenisation such as high pressure homogenisation or 
ultrasonication.44 Our work, however, used as we used reverse nano-emulsions and also focused a 
low-energy mixing procedure. We suggest that this low energy emulsification methodology would 
not sufficiently disperse the water droplets in the continuous phase, leading to the phase-separation 
as observed. 
All these elements, i.e. turbidity, low-stability, and dh > 100 nm, strongly indicate that the 
mineral oil led to the formation of emulsions while cyclohexane and decane both gave stable nano-
emulsions. We thus did not further pursue using mineral oil.
 As a control, the effect of adding CS and CS-nbn-COOH to the water phase on both the size 
and the stability of the nano-emulsion droplets was also studied, given the cationic weak 
polyelectrolyte nature of CS and the hydrophobic character of norbornene. As lower viscosities of 
the dispersed phase have been shown to favour nano-emulsion stability, we focused on a CS 
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concentration of 1 w:v% in 2% AcOH, which was the lowest viscosity we could reach while 
allowing for gelation.43 When either CS or CS-nbn was used as the water phase, the diameter of 
the resulting nano-emulsion droplets was largely the same, with a minimum diameter observed for 
the same optimal surfactant composition in both decane ( = 1:1 (Figure S9) and cyclohexane ( 
= 4:6; Figure S10), confirming the feasibility of using these nano-emulsions as template to 
generate microgels. Interestingly, several studies have reported the use of these surfactants at ratios 
which we show here were unfavourable ( = 1:032 or  = 8:238, 45). 
3.5. Optimisation of the conditions for the crosslinking of microgels in flow
To ensure efficient and complete photo-crosslinking, adequate UV illumination is usually 
facilitated either by long exposure time or expensive, high power light source. Here we have used 
a simple flow chemistry reactor made of FEP tubing wrapped around a domestic UV-A lamp (see 
Figure 2).34 This method allowed for an optimal and homogeneous exposure of the nano-emulsion 
to the UV light, as it was pumped through the tubing. In addition, the crosslinking time could be 
tuned between 1 and 30 min by varying the flow rate. Using the optimised nano-emulsion 
conditions in this set-up, we investigated the feasibility of microgel crosslinking in flow by 
gauging the nano-emulsion stability with DLS after pumping and UV exposure at different pump 
rates r (Table S2). 
A minimum of r = 150 rpm was required to maintain nano-emulsion stability during pumping 
and UV exposure, as demonstrated by DLS measurements of the nano-emulsion at the entrance 
and at the exit of the flow reactor (Table S2). Slower reactions (r = 100 rpm) resulted in droplet 
coalescence, as shown by both an increase in the nano-emulsion turbidity and by an increase in 
the hydrodynamic diameter dh from ~ 30 nm to ~ 70 nm. At r = 50 rpm CS was visibly expelled 
from the water phase and recovered as a solid. We suggest that this loss of stability is related to 
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the forces applied to the nano-emulsion during pumping, which are different from mechanical 
stirring. Based on these results, it was decided to proceed to crosslinking at a flow rate of 200 rpm 
as it allowed for a quick crosslinking without affecting the nano-emulsion stability. Because of the 
flow reactor cylindrical geometry, the microemulsion was alternatingly pushed by or against 
gravity at different segments, and local sedimentation may occur due to the gravity. We optimised 
the flow rate, which minimised compounding gravity and the hydrodynamic which could lead to 
sedimentation in the downwards flow segment of the tubing; meanwhile, the flow rate was 
sufficiently fast to counterbalance gravity as the suspension was pushed upwards. This 
methodology was further used to crosslink up to 50 g of nano-emulsion in less than 5 min.
3.6. Synthesis and characterisation of the microgels
Using the optimised flow-UV curing condition, CS microgels were obtained using the afore-
described nano-emulsion templating method with a water phase consisting of 1 w:v% of CS-nbn-
COOH in 2% AcOH, 0.1% of PI, and a designated amount of HS-DEG-SH crosslinker. The impact 
of three different surfactant compositions, corresponding to the optimised formulations, and four 
different crosslinker concentrations (calculated to vary the theoretical Rs from 1:4 to 1:1), were 
studied when the nano-emulsions were generated in both cyclohexane (Figure 7) and decane 
(Figure S11), comparing the sizes between the following five conditions: 1) microgels after they 
were washed and resuspended in water (brown); 2) microgels as crosslinked before washing 
(orange); 3) control nano-emulsions containing CS-nbn-COOH but not crosslinked (yellow); 4) 
control nano-emulsions with CS in the water phase (light green); and 5) control nano-emulsions 
with no added polymers to the water phase (dark green). 
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Figure 7. CS microgels made from the nano-emulsion templating method using cyclohexane as 
the oil phase. Photos of CS nano-emulsions generated from: A) a surfactant ratio S80:T80  = 4:6 
when varying the [SH]:[nbn] molar ratio Rs, from 1:1 to 1:4; C) different ratios  of S80:T80 
varying between 3:7 and 1:1 for Rs = 1:1. The corresponding hydrodynamic dimeters dh, for A) 
and C), measured by DLS, are shown respectively in B) and D), for the isolated microgels in water 
(brown), the crosslinked nano-emulsions in cyclohexane (orange), and the control nano-emulsions 
containing uncrosslinked CS-nbn-COOH (yellow), native CS (light green) and no polymer (dark 
green) as the water phase.
For a given surfactant composition, the size of the microgel diameter did not vary significantly 
after crosslinking and was not affected by the [SH]:[nbn] molar ratio Rs (Figure 7B, orange bars), 
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thus demonstrating the robustness of the nano-emulsions. Once washed and resuspended in water, 
the microgels swelled and the diameter increased from dh ~ 40 nm as obtained to dh ~ 120 to 200 
nm (Figure 7B, brown bars). The surfactant composition had a drastic impact on the size of the 
swollen microgel, with the largest value dh ~ 410 nm obtained for ν = 3:7, decreasing to dh ~ 110 
nm for ν = 1:1 (Figure 7D). In contrast, when decane was used as the oil phase, the largest 
microgels obtained (dh ~ 190 nm) corresponded to the smallest nano-emulsion template droplets 
(see Figure S11). This could be related to different degree of crosslinking accessible in the nano-
reactors due to confinement, where smaller droplets could prevent the crosslinker to access all the 
reactive norbornene groups.
On the other hand, Rs had a small effect on the size of the isolated microgels, with dh varying 
between 120 and 200 nm for the microgels obtained from the cyclohexane-templated nano-
emulsion, and 140 and 240 nm for the decane template (Figure 7B and Figure S11B, respectively). 
TEM confirmed the formation of spherical objects for Rs > 1:2 with dry diameters ~ 70 - 100 nm, 
while a lower SH:nbn ratio (Rs = 1:4) gave a polydisperse mixture of spherical objects (Figure 8). 
All the microgels exhibited a zeta potential of around  = + 12 mV, which is positive and lower 
that most previously reported CS-based microgels where  ~ + 50 mV,46 as expected by the 
introduction of carboxylic acid groups. 1H NMR of the resulting microgels also showed traces of 
T80, which would impact on , as well as unreacted norbornene (Figure S12E).  
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Figure 8. TEM of the CS-nbn-COOH microgels with Rs of: A) 1:4; B) 1:2; C) 1:1.33 and D) 1:1.
3.7. Microgel functionalisation
TEM images suggested that Rs = 1:2 was sufficient to provide spherical microgels, while 1H 
NMR confirmed the presence of non-reacted norbornene groups, (Figure S12E). Furthermore, the 
relative sharpness of these alkene peaks compared to the crosslinked CS core strongly suggests 
that these moieties were located on the microgel surface and could therefore be accessed in a post-
microgel synthesis step to design tailored, functionalised materials. This was investigated using 
tetrazine ligation, one of the fastest click chemistry reactions. Tetrazines typically weakly absorb 
at 515 nm, making it difficult to use absorbance to monitor the reaction efficiency.47 Devaraj et al. 
reported fluorescent self-quenching tetrazines probes whose fluorescence increased up to 10 times 
after ligation.48 A coumarin-functionalised tetrazine (Tet-Coum, Figure 9) was therefore 
synthesized and reacted with microgels. Within 2 min, a two-fold increase in fluorescence was 
observed, which increased up to three-fold and plateaued after 10 min of reaction time. This 
increase is consistent with the values reported by Devaraj et al. for a very similar probe to Tet-
Coum.48 This result supports the feasibility of the synthesis of more complex microgels, with 
decorations that could include cell targeting moieties49 but also more expensive antibodies or 
proteins, thanks to the reliability of the tetrazine ligation.
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Figure 9. Functionalisation of microgels using tetrazine ligation. A) tetrazine ligation of Tet-Coum 
leading to a fluorescent molecule. B) Fluorescent-microgel synthesis using Tet-Coum. C) 
Fluorescence spectra of the microgels and Tet-Coum at different reaction time.
3.8. Microgel cytotoxicity
The toxicity of the microgels was assessed against HDF cell lines exposed to concentrations 
varied between 500 and 1 µg/mL for 24 or 48 h using Alamar Blue (AB) to measure cell metabolic 
activity and Calcein AM to quantify cell viability. After 24 h both AB and Calcein AM 
measurements showed non-significant changes compared to control even at the highest 
investigated concentrations (Figure 10A) while the metabolic activity slightly decreased at high 
microgel concentration (500 and 250 µg/mL) after 48 h but remained comparable to the control at 
lower concentrations (Figure 10B). These preliminary results demonstrate the nontoxicity 
credentials of the microgels for their potential use in the biomedical area.
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Figure 10. Toxicity data against HDF cell lines measured with A) AB (metabolic activity and B) 
Calcein AM (cell number). Results are expressed as a percentage normalised with respect to the 
control (untreated cells).
4. Conclusions
Soluble CS derivatives were successfully functionalised with norbornene through the formation 
of amide bonds using a coupling agent-free methodology by exploiting the ring-opening of carbic 
anhydride. The impact of various parameters on the substitution degree (DS) was studied, with the 
DS tuneable between 20 and 40 %. The designed polymers were successfully crosslinked through 
photoactivated thiol-ene chemistry using a domestic UV-A source and a cheap, commercially 
available thiolated PEG crosslinker; the use of such hydrogels as tissue engineering scaffolds is 
currently being investigated. Microgels of tailored size and degree of crosslinking were 
synthesized using an optimised low-energy, nano-emulsion-templated method in a flow reactor. 
Tuning of the nano-emulsion parameters allowed for the obtention of microgels of various sizes 
with pendant reactive groups, which could be accessed for late-stage functionalisation through 
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tetrazine ligation, as demonstrated by the grafting of a self-quenching fluorescent tetrazine probe, 
Tet-Coum. Finally, the described microgels presented non-significant toxicity against HDF cell 
lines and are therefore promising candidates as functional templates for biomedical applications, 
which is currently the object of further studies exploited. 
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